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Renewal of epidermis is achieved by an ordered replication of stem cells and transit amplifying cells followed by
terminal differentiation. In mouse epidermis, renewal is organized around highly ordered structures termed ep-
idermal proliferative units (EPU), each generated by a single stem cell. It has been difﬁcult to apply these concepts
to the human epidermis where the basal layer is undulating and the strata have variable thickness. For example, it is
unclear whether stem cells in human epidermis are located at the base of rete ridges or overlying the tip of dermal
papilla. Data are available to support both views. To gain a better understanding of EPU organization in human skin,
we have genetically marked xenografts of human foreskin with a lentivirus encoding a ﬂuorescent marker protein
and have mapped labeled columns of cells over a 28-wk period. By following these columns to their origin in the
epidermis we have been able to determine that stem cells are dispersed along the basal compartment. The widths of
these columns do vary considerably, with the narrowest originating from cells located in the base of the rete ridge.
These ﬁndings provide new insights into the dynamics of epidermal renewal in human glabrous skin.
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Epidermal renewal is achieved by proliferation of stem cells
in the basal compartment followed by transit amplification
and terminal differentiation of stem cell progeny (Watt,
1998). Early histological studies and subsequent lineage
marking experiments with mouse dorsal epidermis demon-
strated that descendents of a single stem cell formed a
column of cells stretching from the basal layer to the sur-
face. These findings gave rise to the concept of an epider-
mal proliferation unit (EPU) (Potten, 1974; Mackenzie, 1975;
Kamimura et al, 1997; Mackenzie, 1997; Ghazizadeh and
Taichman, 2001) wherein a single stem cell and its progeny
amplifying cells and differentiated cells formed a distinct
spatial unit. But, difficulty arose in applying these findings
and concepts to human epidermis, as the morphology of
the human epidermis is considerably different from that of
mouse epidermis. Dorsal mouse epidermis has only two
living cell layers and the basal compartment is relatively flat,
unlike the human epidermis, which has several to many cell
layers and an undulating basal compartment. These undu-
lations result in different numbers of strata and lack of clear
alignment between particular basal cells and columns of
squames (for a review, see Potten and Booth, 2002). There-
fore, it is not clear whether the proliferative units in human
epidermis are arranged in the same way as described for
mouse dorsal epidermis. It is also not clear where stem cells
are located in the undulating human basal compartment, in
rete ridges or over dermal papilla or both. Some reports
favor a protective location at the base of rete ridges (Lavker
and Sun, 1982, 2000) and other data suggest a location
over the tips of dermal papillae (Jones et al, 1995; Jensen
et al, 1999). The location of stem cells within the undulating
compartment is an important aspect of cutaneous biology
as it speaks to the notion that stem cell behavior is related
to a particular microenvironment or niche. These issues
could be readily resolved if histological markers were avail-
able to distinguish stem cells from transit amplifying cells.
But, markers that are associated with epidermal stem cells,
namely high levels of b1 integrin (Jones et al, 1995), high
levels of a6 integrin, and low levels of transferrin receptor (Li
et al, 1998), p63 (Pellegrini et al, 2001), and more recently
AC133-2, an isoform CD133 (Yu et al, 2002), do not provide
sufficient resolving power to define stem cell location in vivo
(for a review, see Gambardella and Barrandon, 2003). Data
collected from lineage analysis of mouse dorsal skin or re-
constituted human epidermis have also been non-instruc-
tive as the basal compartment in both is relatively flat, not
undulating (Kolodka et al, 1998; Ghazizadeh and Taichman,
2001).
In this study, we have applied lentivirus-mediated genetic
marking to evaluate the spatial organization of EPU in hu-
man epidermis. Lentiviral vectors (LVV) integrate into the
genome of a transduced cell and thus are stably inherited
by all progeny cells. By encoding a fluorescent marker pro-
tein in the LVV, all cells with the vector genome will be
detectable. With repeated cycles of cell replication, LVV-
transduced transit amplifying cells and differentiated cells
will be lost through desquamation, whereas a transduced
Abbreviations: EPU, epidermal proliferative unit; GFP, enhanced
green fluorescent protein; LVV, lentiviral vectors; RFP, DS Red2
fluorescent protein
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stem cell and its progeny will be retained and will appear as
a labeled EPU column. At the base of the labeled column
will be a putative stem cell. In this way we were able to learn
that epidermal stem cells reside in both rete ridges and over
dermal papilla and do not appear to be clustered at any
specific location in the basal compartment.
Results
To locate keratinocyte stem cells in human skin, LVV en-
coding enhanced green fluorescent protein (GFP) or DS
Red2 fluorescent protein (RFP) were used to genetically la-
bel epidermal keratinocytes in xenografts of human fore-
skin. Human foreskins were grafted onto nude mice and 6
wk later when tissue was normalized, 20 mL of concentrated
virus stocks containing 1  107 infectious particles were in-
jected intradermally into the grafted skin. No prior wounding
or dermabrasion was needed with LVV transduction. In
some experiments, a mixture of GFP and RFP-encoding
LVV was used to monitor multiple, independent transduct-
ion events. The overall size and gross appearance of grafted
skin did not change during the 28-wk post-transduction
observation period. To verify marker stability, surface or
near surface GFP/RFP expression was monitored multiple
times over this 28-wk period in a non-invasive fashion using
fluorescent stereoscopy. Figure 1 shows a cluster of GFP-
and RFP-labeled cells of about 1.6 mm2 in size at multiple
time points. It is clear that the size and shape of the cluster
did not change over time. Transduction with an LVV is ex-
pected to target all epidermal cells including stem cells,
transit amplifying cells, and post-mitotic cells. The latter two
populations are, however, lost with repeated cycles of rep-
lication and desquamation of epidermis (Hall and Watt,
1989; Kolodka et al, 1998). As the turnover rate in human
epidermis is estimated at about 4 wk (Potten, 1981), per-
sistent transgene expression over a 28-wk period is taken to
indicate stem cell transduction. The labeled cluster in Fig 1
represents several adjacent EPU and the reproducible labe-
ling pattern demonstrates the stability of genetically marked
EPU.
To determine the location of stem cells in the basal com-
partment of labeled EPU, serial sections of grafted tissue
taken at 28 wk post-transduction were examined by fluo-
rescent microscopy and the dimensions and position of in-
dividual EPU were noted. An EPU was defined operationally
as a contiguous cluster of fluorescently labeled cells ex-
tending from the basal layer to the cornified layer. EPU
dimensions were most readily discerned in areas some dis-
tance from the injection site, where transduction frequency
was reduced and labeled columns more clearly demarcat-
ed. When using a mixture of GFP- and RFP-encoding LVV,
we noted an EPU by a column of green- or red-labeled cells
if the stem cell had been singly transduced or yellow if the
stem cell had been transduced with both vectors (Figs 2A,
and B). Melanocytes were also transduced; however, their
unique morphology and pattern of distribution made them
easily distinct from keratinocytes (Fig 2C).
A total of 200 labeled EPU derived from three transduced
tissues (two transduced with a mixture of viruses encoding
GFP and RFP and one with GFP alone) were analyzed and
scored based on their location and width in the basal com-
partment (Fig 3). These data revealed that first, there was no
preferential site of origin of EPU in the basal layer as they
originated from the top, sides, and base of rete ridges as
well as from relatively flat regions of the basement mem-
brane. Second, the number of basal cells in EPU is highly
variable, especially for those located in the rete ridges.
Labeled EPU originating from relatively flat regions of
basement membrane had the most uniform morphology
Figure 1
Persistent and reproducible enhanced green fluorescent protein/DS Red2 fluorescent protein (GFP/RFP) surface expression in transduced
human epidermis. Human skin xenografts were injected intradermally with a mixture of two viruses encoding GFP and RFP. Surface GFP/RFP
expression was assessed by fluorescent stereoscopy at various times indicated using GFP wide band filter set. Scale bar¼0.25 mm.
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(Figs 2C–E). The number of basal cells in an EPU cross-
section was variable; however, as shown in Fig 3 (column A)
more than 78% of EPU (n¼88) in this region were between
one and four cells in diameter, suggesting that at least 10%
of basal cells in these areas are stem cells.
EPU’s originating from undulating areas of the basal layer
were less well organized and often did not follow a straight
path through suprabasal layers (Fig 4). Figure 4A shows
three GFP-labeled clusters originating from the base, side,
and top of a rete ridge. The narrowest EPU originated in the
base of rete ridges and most of these contained a single cell
at the base, possibly the stem cell itself. Figure 4B dem-
onstrates two independently labeled stem cells and their
progeny in the base of a rete ridge. The progeny of the
labeled stem cells were positioned directly above, implying
an upward migration of the immediate progeny into the dif-
ferentiated compartment in the suprabasal layers. On the
contrary, EPU originating from the side of the rete ridges
occupied a broader position in the basal layer with the ma-
jority composed of five to seven basal cells (Fig 3). To as-
sume a columnar organization, cells in these EPU appeared
to follow an upward migratory path along the sloping base-
ment membrane (Fig 4C). These data suggest that stem cell
progeny follows a path perpendicular to the surface of
epidermis regardless of the stem cell position in the rete
ridge. Such organization may be necessary to overcome the
Figure 2
Distribution of fluorescently labeled epidermal proliferative unit (EPU) in skin sections. Human skin was transduced in situ with a mixture of
vectors encoding enhanced green fluorescent protein (GFP) (green) and DS Red2 fluorescent protein (RFP) (red) (A–C) or a single vector encoding
GFP (D–E). Tissue sections were analyzed at 28 wk by fluorescent microscopy. (A) The overall distribution of labeled EPU is shown in a low power
section of skin. (B) EPU labeled by a single virus are evident as either green or red columns, whereas the EPU labeled with both vectors appears as
orange. (C–E) EPU originating from relatively flat areas of the basal compartment contain two to six cells at the base. The arrows in (C) denote
transduced melanocytes (red) in the basal layers of epidermis. Scale bar¼100 mm, (A) and 40 mm, (B–E).
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Figure 3
Tabulation of the origin and size of epidermal proliferative units
(EPU) in the human epidermis. Serial sections of transduced human
skin were analyzed by fluorescent microscopy at 28-wk post-trans-
duction. A total of 200 EPU were examined. The basement membrane
origin of labeled EPU is noted as either flat (column A) or side, base, or
top of the rete ridge (columns B, C, and D, respectively). The number of
cells at the base of the labeled EPU is noted as well (rows). The per-
centage of labeled EPU in each category is reported. Labeled EPU
were seen as originating from all regions of the basal compartment with
no preference for any single region.
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structural complexity associated with the abrupt change in
the orientation of undulating basal layer.
The findings that keratinocyte stem cells in culture ex-
press high levels of b-1 integrin and that, in intact skin,
clusters of b-1 integrin bright cells are seen in discrete
patches at the tip of dermal papillae, have led to the sug-
gestion that stem cells are located at the dermal papillae
and that amplifying cells migrate to the base of rete ridge
where they begin their upward, suprabasal migration (Jones
et al, 1995; Jensen et al, 1999). In our study, histological
analysis of xenografts of human skin immunostained with
antibody to b-1 integrin confirmed higher levels of b-1 in-
tegrin at the tips of dermal papillae (Fig 4E); however, ge-
netically labeled EPU’s did not appear to originate from
dermal papillae in any preferential way. Labeled EPU in this
region were organized into columnar units and no evidence
could be obtained to support lateral migration of labeled
cells into the base of the rete ridge (Figs 4D and F).
Discussion
Most of our knowledge on cell lineage in human epidermis
is based on the studies of keratinocytes in culture or re-
generated epidermis where stem cells are removed from
their microenvironment. In this study, we have used direct
lentivirus-mediated gene transfer to a human foreskin xeno-
graft model to genetically mark stem cells in vivo and to
study their lineage in a minimally disturbed, steady-state
condition. At the time of in vivo transduction, the expression
of epithelial markers including K14 and involucrin, and pro-
liferation marker Ki67 in the transplanted skin were normal-
ized (data not shown). Furthermore, the overall size and
gross appearance of grafted skin did not change during the
28-wk post-transduction observation period. We showed
that in human epidermis where there is an undulating basal
layer and varying number of strata, labeled stem cells and
their progeny were organized into narrow EPU. Analysis of
labeled EPU revealed the following findings: (1) there was
no preferred site of origin of EPU in the basal compartment.
Of the 200 EPU analyzed, 44% were traced to the relatively
flat regions of the basement membrane, 17% to the side of
rete ridges, 22% to the base of rete ridges, and 17% to the
tip of dermal papillae. (2) The number of basal cells in an
EPU cross-section ranged from one to ten, with the highest
numbers seen in EPU originating from the sides of rete
ridges whereas the lowest numbers were seen in EPU
originating from the base of the rete ridge. (3) In all EPU
examined, migration from the basal compartment was per-
pendicular to the skin surface. Where the EPU originated
Figure 4
Lineage analysis of labeled epidermal proliferative units (EPU) in the human epidermis. Skin samples were treated as described in Fig 2 and
representative sections demonstrating: (A) the distribution of enhanced green fluorescent proteinenhanced green fluorescent protein (GFP)-labeled
EPU in the base (b), side (s), and top (t) of a rete ridge; (B) two adjacent EPU positioned in the base of a rete ridge, one labeled with GFP (green) and
another with DS Red2 fluorescent protein (RFP) (red); (C) two GFP-labeled EPU denoted with red and yellow asterisks originating from the side of a
rete ridge are presented to reveal columnar organization and upward migration of progeny in basal layer; (D) an EPU originating from the tip of
dermal papillae is shown; (E–F) immunofluorescent staining of GFP-labeled human skin sections for b-1 integrin (red); (F) high-power micrograph of
boxed area in the section shown in (E) demonstrating a GFP-labeled EPU (denoted by an arrow) originating from the tip of dermal papillae. Progeny
of stem cells localized to these areas follow an upward migration pattern. Scale bar¼ 40 mm, (A–D); 100 mm, (E); and 20 mm, (F).
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from the side of the rete ridge, upward migration was along
the sloping basement membrane.
We found no evidence for clustering of stem cells in as-
sociation with a specialized structure or niche either at the
top or at the base of rete ridges (Lavker and Sun, 1982;
Jensen et al, 1999). Our lineage analysis suggests that ep-
idermal stem cells are located along the basal layer as de-
picted in Fig 5. The narrow EPU originating from the base of
rete ridges and the extended basal compartment in EPU
that originated along the sides of rete ridges imply that a
higher number of stem cells are located at the base of the
rete ridge. Previous histological and pulse labeling studies
of monkey palm epidermis have indicated the presence of
cells with stem cell characteristics in this region (Lavker and
Sun, 1982). Based on these findings, it was proposed that
stem cells are clustered at the bottom of epidermal rete
ridges in a physically protective niche (Lavker and Sun,
1983). Although our analysis supports the presence of a
higher number of stem cells at these sites, the structural
constraints of the undulating basal layer are more likely the
cause of this phenomenon rather than the presence of a
specialized protective niche. The presence of EPU origi-
nating from the top of rete ridges rules out the necessity for
a protective niche in the deeper regions of the epidermis.
Using high-level b-1 integrin expression as a stem cell
marker, Watt and collaborators proposed that stem cells are
clustered on the tip of dermal papillae, surrounded by in-
tegrin-dull transit amplifying cells (Jones et al, 1995). In this
model, stem cell progeny migrate over the basement mem-
brane away from the stem cell compartment before its up-
ward migration into the suprabasal layers (Jensen et al,
1999). Our studies confirmed the heterogeneous expression
of b-1 integrin in basal keratinocytes; however, stem cells
were not restricted to integrin-bright regions and there was
no evidence for lateral migration of stem cell progeny into
the integrin-dull regions. These data suggest a re-evaluation
of b-1 integrin levels as a marker for epidermal stem cells.
Several approaches have been used to estimate the
number of epidermal stem cells. Kinetic considerations
based on label retaining studies and the size of EPU in
mouse epidermis predict that 5%–10% of basal cells are
stem cells (Potten, 1974; Bickenbach and Chism, 1998).
Similar studies have not been possible in humans; however,
the pattern of X chromosome inactivation in normal human
epidermis suggested a size ranging from 35 to more than
300 basal cells in diameter for human EPU (Asplund et al,
2001; Chaturvedi et al, 2002). This is likely an overestima-
tion, as X chromosome inactivation occurs during embryo-
genesis during a period of extensive epidermal expansion.
While regional differences and the non-uniform arrangement
of labeled EPU in human epidermis prevent a precise cal-
culation of stem cell number, our analysis suggests that at
least 10% of basal cells are stem cells.
The epidermis has evolved to provide a protective cov-
ering for the body. The relatively invariant architecture of
epidermis and the presence of extensive intercellular junc-
tions restrict cell movement in human epidermis (Potten and
Booth, 2002). As depicted in Fig 5, our analysis indicates
that the progeny of stem cells in an undulating basal layer
follow an upward migratory path, perpendicular to the skin
surface, whether this path is in basal or suprabasal layers.
This may be accomplished by controlling the size of the
transit amplifying compartment in the basal layer. This
compartment appears to be largest when stem cells are
located at the side of the rete ridge and smallest when lo-
cated at the base. The non-uniform distribution of stem cells
and the variable size of transit amplifying compartment may
be required to achieve structural integrity in regions where
the orientation of basal layer and the thickness of epidermis
are rapidly changing.
Materials and Methods
Viral vectors and in vivo transduction Second-generation self-
inactivating LVV were kindly provided by Dr Didier Trono (CMU,
University of Geneva, Geneva, Switzerland). Recombinant LVV
encoding GFP or RFP were constructed as described previously
(Ghazizadeh et al, 2004) and virus stocks were generated by tran-
sient co-transfection of three plasmids including the packaging
construct pCMVD8.9, an envelope coding plasmid (pCMV-VSV-G),
and the transgene construct pHR’CMV-GFP(or RFP)-WPRE-SIN18
into 293T cells (Zufferey et al, 1998). The virus-containing super-
natant was collected 36–72 h after transfection, filtered through a
0.45 mm filter (Whatman, Clifton, New Jersey), and was concentrat-
ed 1000-fold by ultracentrifugation as described elsewhere (Burns
et al, 1993). To generate concentrated mixed stocks of GFP- and
RFP-encoding viruses, supernatants were mixed prior to ultra-
centrifugation. Viral titers were determined on 293T cells by flow
cytometry on a Becton Dickinson FACScan (BD Biosciences, San
Jose, California) and were between 0.5 and 1109 transducing
units per milliliters for all viral stocks used for in vivo transduction.
Human skin grafting and in vivo transduction Human neonatal
foreskins were obtained from routine circumcisions, the hypoder-
mal fat was removed, and the skin was cut to 11 mm circles using
a biopsy punch. Circular disks of skin were grafted onto full thick-
ness, circular excisional wounds created on the dorsum of 7-wk-
old NIH male Swiss nu/nu mice (Taconic labs, Germantown, New
York). Grafts were covered with Vaseline gauze and a polyvinyl
bandage to prevent scratching and facilitate tissue engraftment.
The dressing was removed after 10–14 d. At 6-wk post-grafting,
Figure 5
Schematic diagram showing upward migration patterns in epider-
mal proliferative unit (EPU). Stem cells (gray) are distributed along the
undulating basal layer in the base, side, and top of the rete ridge
structures and give rise to columns of cells directly above. The arrows
show the migratory path of stem cell progeny in basal or suprabasal
layers perpendicular to the surface of the epidermis.
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when grafts were stabilized, 20 mL (containing 1–2 107 transdu-
cing units) of concentrated virus encoding GFP or a mixture of
viruses encoding GFP and RFP were injected intradermally into the
grafted skin with the aid of a 30-gauge needle. Animal studies were
performed in accordance with institutional guidelines set forth by
the State University of New York.
Detection of transgene products and immunoﬂuorescent
staining Skin-directed GFP expression in live animals was as-
sessed at various times following transduction using a fluorescent
stereoscope model Bio2-M (Zeiss, Thornwood, New York) equip-
ped with a mercury 100 W lamp power supply and a wide-band
filter set for GFP detection. Mice were anesthetized and placed
directly under the stereoscope, and images were captured by a
Nikon Coolpix 990 camera (Nikon Inc., Melville, New York) and
processed using Adobe Photoshop.
For histological analysis, tissue samples were harvested at 28-
wk post-transduction, fixed in cold 4% paraformaldehyde (Fisher
Scientific, Fairlane, New Jersey) in phosphate-buffered saline
(PBS), for 30 min, rinsed in PBS and snap-frozen in embedding
media. Five micrometer-thick serial sections were prepared, rehy-
drated in PBS, and mounted in media containing 40,6-diamidino-
2-phenylindole (Vector Laboratories, Barlingame, California). Sec-
tions were examined and photographed with an epifluorescent
Eclipse 800 microscope (Nikon Instrument Inc., Melville, New York)
equipped with a SPOT camera and image analyzing software.
For immunofluorescent staining, skin samples transduced with
GFP encoding virus were cryosectioned, rinsed in PBS, blocked
with 5% non-fat milk, and incubated with 1:500 dilutions of mouse
monoclonal antibody to human CD29 (clone MAR4, BD Pharmin-
gen, San Diego, California). After extensive washes, sections were
incubated with Alexa 594-conjugated goat anti-mouse antibody
(Molecular Probes, Eugene, Oregon). Slides were mounted and
examined as described above.
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